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Abstract
We show how the
4
He-abundance in the early Universe can
be used to demonstrate that macroscopic samples of neutrinos in
thermal equilibrium are indeed distributed according to Fermi-
Dirac statistics.
Cosmology is an excellent testing ground for theories and models of Par-
ticle Physics [1]. Fundamental laws of Nature as well ambitious theoret-
ical constructs have been scrutinized and confronted against cosmological
data. Conversely, Particle Physics provides important clues to cosmological
problems (e.g. provides candidates to dark matter, provides explanations to
promordial baryogenesis, etc.) A paradigm of this fruitful symbiosis is the
momentous prediction from Big Bang Nucleosynthesis (BBN) on the number
of light neutrino species [2].
A fundamental result in relativistic quantum eld theory is the celebrated
spin-statistics theorem. Particles with half-integer spin obey Fermi-Dirac
statistics and particles with zero or integer spin obey Bose-Einstein statis-
tics. This theorem is deeply rooted in very basic principles such as relativis-
tic invariance, locality and microcausality and its experimental verication
(and/or the conrmation of its consequences) is very important. Of course,
the experimental evidence of the spin-statistics connexion for ordinary matter
in macroscopic samples in overwhelming. Electrical (e.g. superconductivity)
and thermal (e.g. specie heats) of metals at low temperatures can only be
explained if electrons in matter obey Fermi-Dirac statistics. Superuidity
too, is a reection of the spin properties of nuclear matter. The planckian
blackbody spectrum of radiation is just another phenomenological manifes-
tation of the spin-statistics theorem and traces back to the Bose-Einstein
character of statistical ensembles of photons.
Neutrinos, however, are not usually found in macroscopic samples and
held in thermal equilibrium at a given temperature in a laboratory. Thus,
their statistical behaviour is dicult to be experimentally established. Hence,
a direct verication of the spin-statistics connexion in the thermodynamic
sense is still lacking in the case of neutrinos. Sure enough, they are spin 1/2
particles, as a large amount of data coming both from nuclear reactors and
particle accelerators do convincingly demonstrate. It would be nice then, as is
the case for other elementary constituents, to reveal the statistical mechanics
of neutrinos.
Two systems in Nature do contain a large macroscopic ensemble of neutri-
nos in thermal equilibrium. A hot supernova core is one of them. The other
is the early Universe. In the rst case, the temperature of the core before
the neutrinos leak o the protoneutron star is too high (30-60 MeV) for the
quantum statistical properties to show up. But, in the cosmic system, one
can nd a period in the early history of the Universe where the spin-statistics
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connexion of neutrinos has observational consequences. In the present pa-
per we shall see that it is possible to decide whether or not a macroscopic
collection of neutrinos in thermal equilibrium at temperature T do indeed
follow Fermi-Dirac statistics. BBN and in particular the primordial helium
abundance provides the basic tool fo the analysis of this question as we try
to explain in the rest of this paper.
A fundamental postulate of Quantum Mechanics is that systems of iden-
tical particles are described by either symmetric or antisymmetric wave func-
tions. Systems of particles in thermal equilibrium whose states are described
by symmetric (antisymmetric) wavefunctions are distributed according to
Bose (Fermi) distribution functions. Now, it is a phenomenological fact that
electrons (and other particles with half-integer spin) are described by anti-
symmetric wave functions (and obey Fermi-Dirac statistics when assembled
in large numbers and held in thermal equilibrium) and photons (and other
particles with integer spin) are described by symmetric wavefunctions (and
follow Bose-Einstein statistics). That this should be so and not the other
way around is the content of the Pauli spin-statistics theorem, which follows
very generally from relativistic quantum eld theory as already mentioned
above. The actual purpose of this investigation is to realize that this is
observationally the case for neutrinos.
The helium-4 and other light element (i.e. deuterium, helium-3 and
lithium-7) primordial abundances have been periodically evaluated and con-
fronted with data embracing observations of ever increasing quality. The
most recent analysis can be found in references 3 to 9. The theoretical cal-
culation of the primordial helium abundance is by now standard and the
basic arguments can be read in the textbooks (see e.g. ref. 10). The key
quantity to be computed is the fraction X
n
of neutrons to all nucleons as the
Universe cools from equilibrium temperatures well above neutrino freeze-out
(T >> 1 MeV ) down to the temperature where nucleosynthesis takes place
(T  0:1 MeV ). X
n








+ (p! n)(1  X
n
) (1)
where (p $ n) are the weak rates (per nucleon) that interconvert pro-
tons and neutrons. These rates contain the microphysics (weak interaction
probabilities) and the macrophysics (thermalization). It is this latter com-
ponent that we shall manipulate.
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The general strategy to test the statistical character of neutrinos in the
cosmic sample will be to use Bose-Einstein statistics as an alternative tem-
plet in order to check how dependent the helium abundance actually is on
the Fermi-Dirac distribution functions (it could well be that the choice of
statistics were irrelevant). We do not consider here other kinds of statistics
(e.g. parastatistics) which could also lead to sound eld theories. An other
place where the choice of statistics matters -apart from the rates (n $ p)
above- is the law T = T (t) that enters eq. (1) since the expansion of the Uni-
verse depends on the fermionic/bosonic eective degrees of freedom. Here
we choose all three neutrino species (in the rates only the electron neutrino
enters) to obey Bose statistics.
In order to contrast the Fermi behaviour against an alternative behaviour
we solve eq. (1) using neutrinos with the right (F-D) statistics and nd also
the neutron fraction -which we callX
0
n
-in the case of neutrinos with the wrong










and supress Pauli blocking factors for neutrinos wherever they appear in
the conventional calculation (see ref. 10). One may check at this point the
self-consistency of using B-E statistics for neutrinos by proving that, at high
temperature, detailed balance is satised, i.e. (n ! p) = (p ! n); and
































for 0  x  1:
Instead of directly confrontingX
0
n










This makes us less dependent on systematic errors and permits us to use
the more rened calculations (which include radiative corrections and nite










and their calculated helium abundance Y
P
.




(eq. (4)) will contain only the leading correction induced by the
change of statistics. This is perfectly adequate since  is already small (3-4






negligible in the relative dierence .
We have solved eq. (1) numerically using as initial conditions the equilib-
rium fractions at high temperature (whereX
n
 0:5) given by the equilibrium





(p! n) + (n! p)
(5)





annihilation, to include the appropriate degrees of freedom and to even-
tually distinguish between neutrino temperature and photon temperature. Of
course we have checked that the absolute values for X
n
obtained are perfectly
consistent with the published results for the helium abundance. As it is ob-
vious from eq. (4) the primordial helium abundance is inferred from X
n
at
the nucleosynthesis temperature and therefore our evaluation of the function
(T ) stops at this point. We rely on the work of others to determine T
Nuc
.
This is because weak interactions and hence neutrinos cease to play a domi-
nant role at this epoch whereas nuclear reactions govern the nucleosynthetic
processes. We do not have the detailed nuclear reactions network codes at
our disposal nor are these codes aected by the statistics of neutrinos. It
















where T is the microwave background temperature today and h denes the
Hubble parameter H = 100h km=Mpc sec. Figure 1 shows the important











, in the relevant range of temperatures
(a given T
Nuc
implies a value for 
10
and viceversa). A few facts are worth
mentioning. The eect is negative, close to 4% in the range shown and almost
independent of T
Nuc
. In addition we should comment that we have computed
the function  for the neutron half life in the experimental band 
n
= 8872
sec [11]. It is essentially independent of 
n






are, at these "late" times (t ' 0(100)sec) (or,
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"low" temperatures) practically given by the neutron decay tail and the
exponentially decreasing behaviour cancels o in the ratio . This is a good
feature of  since a source of major error in the BBN calculation of helium
abundance stems from the experimental uncertainty in the neutron half life.






from the literature -but not through the fraction .
We are now prepared to confront our results with observation. Being the
number of light neutrino species no longer a free parameter, the only free
parameter in the helium abundance BBN calculation is 
10
. The primordial




) help then xing a value
or range of values for 
10
. The neutrino spin-statistics eect is of no signif-







we use the standard BBN results for those light element fractions.
The recent detection of the Lyman  line of deuterium in a Quasar Ab-
sortion System (QAS) at high redshift (z=3.32) can be interpreted as deter-
mining the primordial deuterium abundance: [12, 13]
(D=H)
P
= (1:9  2:5)  10
 4
(7)
It is an order of magnitude larger than the measurement by the Hub-










Although strictly speaking there is no contradiction between eqs. (7) and




 1:5  10
 5
; (9)
nonetheless they cannot be made to agree when extrapolating eq. (8) deep
into the past by using galactic chemical evolution models.
If one takes eq. (7) seriously then a very good overall agreement between
theory and data can be achieved with a value of 
10
= 1:6 0:1 derived from
the matching of BBN and the QAS deuterium abundance measurement [15].
The above determination of 
10
in turn implies a band of values for Y
P
which we take -as already said- from recent BBN analysis [8]. Formula (4)
and the corresponding values for  lead to a band for Y
0
P
. We display our
result in g. 2. In the gure we also collect data associated to recent analysis
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of observations of the helium abundance. The errors shown are 1  errors and
we refer to the original work (refs. 3-7) for a full discussion of their nature
and for an appraisal of the techniques of analysis involved. We also include
a weighted average (full circle). The gray shaded column on the right is the
theoretical BBN prediction extracted from ref. (8) and the darker column
on the left is our result for neutrinos with the wrong statistics. To 1 , the
spin-statistics connexion for neutrinos is conrmed (i.e. we can exclude the
alternative templet).
However, we should investigate the dependence of our statement on the
chosen value of 
10
. As already mentioned above, other sets of data suggest
lower deuterium abundances, which in turn mean higher values for 
10
. A
reasonable window in the intermediate segment of 
10
values should be 2.5
 
10
 3. In the high end of 
10
we can take 
10
=5.27 which is an absolute
upper limit derived from matching primordial Li
7
abundance and BBN [8].
Figure 3 shows the low, intermediate and high domains of 
10
. The vertical
dotted lines are the 1  limits on the observed (average) helium abundance
(the fat error bar in g. 2). The gray and dark-gray boxes correspond to
standard BBN results ("right" statistics) and to the results of our analysis
(neutrinos with "wrong" statistics), respectively. A comment on the inter-
pretation of this gure may serve as a concluding summary on the content
of the paper.
First, note that the low part of g. 3 is just a restatement of g. 2. It
best exemplies the purpose of this work, i.e. to show that BBN has the
potential to decide empirically whether neutrinos verify the spin-statistics
theorem. The middle part of the gure tells us that B-E statistics (the
alternative templet) cannot be ruled out which, of course, means that the
F-D statistics of neutrinos cannot be demonstrated. It shows also that, to
1, even standard BBN can be in trouble. Better data are therefore required.
Finally, the top part of g. 3 informs us that standard BBN does not work
(even at the 2 level) and hence the statistics issue is irrelevant in this case.
Acknowledgements
Work partially supported by CICYT under project AEN-93-0474. We
thank the Theoretical Astroparticle Network for support under the EEC
Contract No. CHRX-CT93-0120 (Direction Generale 12 COMA). J.A.G.
thanks G. Raelt for a helpful conversation.
7
References
[1] E.W. Kolb and M.S. Turner, "The early Universe" (1990) Addison Wes-
ley.
[2] G. Steigman, D.N. Schramm and J.E. Gunn, Phys. Lett. B66 (1977)
202.
[3] E.J. Pagel et al., Mon. Not. R. Astron. Soc. 255 (1992) 325.
[4] G.J. Mathews et al., Ap. J. 403 (1993) 65.
[5] E.D. Skillman and R.C. Kennicutt Jr., Ap. J. 411 (1993) 655.
[6] Y. Izotov, X.T. Thuan and V.A. Lipovetsky, Ap. J. 435 (1994) 647.
[7] K.A. Olive and G. Steigman, Ap. J. Suppl. 97 (1995) 49.
[8] P.J. Kernan and L.M. Krauss, Phys. Rev. Lett. 72 (1994) 3309;
Phys. Lett. B347 (1995) 347.
[9] C.J. Copi, D.N. Schramm and M.S. Turner, Science 267 (1995) 192.
[10] S. Weinberg, "Gravitation and Cosmology", (1972) Wiley & Sons.
[11] Particle Data Group, Phys. Rev. D50 (1994) 1173.
[12] A. Songaila et al., Nature 368 (1994) 599.
[13] R.F. Carswell et al., Mon. Not. R. Astron. Soc. 268 (1994) L1.
[14] J.L. Linsky et al., Ap. J. 402 (1993) 694.
[15] A. Dar, Technion preprint (1995).
8
Figure Captions








as a function of temperature.
Fig. 2. Confronting F-D statistics (gray band:Y
P




) with He-4 data from: ref. 3 (circle), ref. 4 (diamonds) ref. 5
(triangles), ref. 6 (squares), ref. 7 (inverted triangle). The full circle is the
average value. Here, 
10
= 1:6  0:1.
Fig. 3. Our analysis displayed for three domains of 
10
. The two vertical
dotted lines bracket the observationally allowed He-4 abundances as given
by the average abundance shown in g. 2.
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